This paper presents analytical and numerical studies demonstrating that a perfectly conducting metallic plate perforated by a periodic array of subwavelength holes and sandwiched in between two dielectric slabs permits enhanced transmission of electromagnetic plane waves in both the optical and microwave regimes, and this for both transverse magnetically and electrically polarized fields. The enhanced transmission mechanism is attributed to coupling between the incident plane wave and resonances supported by the perforated plate that are associated with the existence of grounded dielectric slab guided waves. The enhanced transmission phenomenon occurs in one of two regimes. In the single resonance regime, the incident plane wave couples to a resonance supported by only a single slab. The transmission coefficient magnitude peaks as the excitation frequency scans through the resonance; however, the peak magnitude decays exponentially with plate thickness. In the double resonance regime, the incident plane wave couples to resonances in both slabs simultaneously. The transmission coefficient magnitude exhibits twin peaks whose magnitudes typically are larger than those resulting from single resonances and that remain large even for plates of moderate thickness. It is demonstrated that double resonances may occur for symmetric as well as for asymmetric structures, i.e., when the two slabs are identical or different. For symmetric structures double resonances occur for any angle of incidence. In contrast, for asymmetric structures, special conditions on the period and slab parameters have to be satisfied for the structure to support one or more double resonances.
I. INTRODUCTION
Metal plates perforated by subwavelength holes find numerous uses in physics and engineering including the construction of probes for imaging and microscopy, 1 the synthesis of microwave and optical filters, 2 and the manufacturing of cost-effective ground planes and electromagnetic shields. 3 Classical Bethe theory 4 predicts that electromagnetic power transmitted through an infinitesimally thin perfect electrically conducting ͑PEC͒ plate perforated by noninteracting holes of subwavelength size is very weak and scales as ͑s / ͒ 4 when normalized to the hole area; here is the wavelength of the illumination and s is the hole size. However, the transmitted power may be enhanced substantially when the holes interact resonantly. Indeed, a recent experiment by Ebbesen demonstrated that optical power incident on a metal plate perforated by an appropriately dimensioned periodic array of subwavelength holes largely may be transmitted, this seemingly in defiance of Bethe's theory. 5 Ebbesen's discovery catalyzed many experimental and theoretical studies into optical enhanced transmission phenomena. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Many of these studies' authors attribute optical enhanced transmission phenomena to resonant coupling of the incident plane wave to surface plasmon polaritons ͑SPPs-surface waves supported by metal surfaces with a negative permittivity͒; strong coupling is said to occur when the transverse wavenumber of one of the Floquet modes generated by the interaction of the incident wave with the perforated plate matches that of the SPP. [6] [7] [8] [9] [10] [12] [13] [14] [15] [16] [17] [18] [19] [20] This viewpoint also leads to the recognition that optical enhanced transmission through arrayed holes in metal plates occurs either in a single or in a double resonance regime. [12] [13] [14] 21 Single resonances occur when a field bound to either the bottom or top face of the perforated plate strongly participates in transmission enhancement. Double resonances occur when field bound to both plate faces simultaneously participate in the transmission enhancement; the ensuing transmission enhancement typically is stronger than that associated with single resonances. Most studies to date have associated double resonances with structures that are symmetric with respect to the plate center. 12, 13, 21 One study suggested that double resonance enhanced transmission can be achieved through asymmetric modulated metallic plates, 14 though no results demonstrating the effect were presented. In a departure from the above SPP-centered approaches, Treacy 11 presents a unified explanation of enhanced transmission phenomena using dynamic diffraction concepts; contrary to the above referenced works, he does not assign a causative role to SPPs but rather explains these phenomena in terms of modal solutions of Maxwell's equations thus allowing for a host of different physical mechanisms to be modeled within the same framework. Treacy 11 applies his technique to the study of enhanced transmission phenomena occurring on metal plates with subwavelength slits. [22] [23] [24] [25] It is to be noted, however, that unlike holes with simply connected cross sections, slits support transverse electric and magnetic ͑TEM͒ modes; therefore the transmission properties of metal plates with slits differ from those of metal plates with holes.
Phenomena of enhanced plane wave transmission through arrayed holes in metal plates are manifestations of so-called resonant Wood anomalies. 15, 26 Mathematically, resonant Wood anomalies manifest themselves through the presence of complex frequency ͑angular͒ poles in the scattering coefficient of the periodic grating for a given real incident angle ͑frequency͒. When the incident plane wave frequency ͑angle͒ is scanned near these poles, rapid variations and/or peaks in the scattering coefficient are observed. Resonant Wood anomalies may occur on any metal-dielectric plate that supports a slow wave when loaded by an appropriate periodic grating. It should come as no surprise that recently several non-SPP mechanisms leading to optical and microwave enhanced transmission through metallic plates perforated by subwavelength holes have been identified. 13, 21, [27] [28] [29] [30] [31] [32] [33] These mechanisms all involve coupling of incident fields to resonances existing on periodic arrays and associated with the slow waves they support. Unfortunately, the above ͑and many more unreferenced͒ studies notwithstanding, our present understanding of enhanced transmission phenomena on metal plates is incomplete. The present catalog of enhanced transmission mechanisms and the structures that support them do not provide scientists and engineers the design freedom and control needed in many practical applications. Many interesting structures that ͑may͒ support tunable enhancement mechanisms remain unexplored.
This paper presents analytical and numerical studies of phenomena of enhanced transmission of transverse magnetic ͑TM͒ and transverse electric ͑TE͒ polarized plane waves through PEC plates sandwiched in between two dielectric slabs and perforated by a doubly periodic array of subwavelength holes. It should be noted that this structure has been studied and used extensively in the past. 34, 35 However, for plates perforated by subwavelength holes, the transmitted field was presumed to be very weak and no enhanced transmission phenomena were reported ͑except for our recent conference report͒. 36 This paper's contributions are twofold. First, the paper demonstrates, via analytical and numerical means, that the suggested structure, viz. a metal plate perforated by an array of subwavelength holes that is sandwiched in between two ͑potentially different͒ dielectric slabs, may give rise to enhanced transmission phenomena, even in the microwave regime where metals are safely modeled as ͑lossy or lossless͒ electric conductors that do not support SPPs. Moreover, it is shown that the structure allows enhanced transmission of arbitrarily ͑TE and TM͒ polarized fields and permits tuning of the enhanced transmission resonant frequency, resonance bandwidth, and polarization by varying its construction parameters. Second, the paper presents a theoretical analysis of the enhanced transmission mechanisms in both the single and double resonance regimes. The latter is explored for both symmetric and asymmetric configurations, viz. for identical and different bottom and top slabs, and changes in the nature of the phenomenon induced by increases in plate thickness are explored. It is noted that this particular structure supports phenomena representative of those occurring on many other subwavelength hole structures including metal perforated plates whose surfaces support other types of ͑identical or different͒ slow waves.
II. PROBLEM FORMULATION
Consider a PEC plate of thickness d that is perforated by a doubly periodic orthogonal array of circular holes of radius s Ӷ ͑Fig. 1͒. The array's principal axes extend along the x and y directions with periodicities L x and L y , respectively. The plate is sandwiched in between two dielectric slabs of thicknesses and relative permittivities h i and i with i =1 ͑bottom͒ or 2 ͑top͒. The center of the PEC plate resides at z = 0 and the structure is excited from below by a TM or TE plane wave with magnetic/electric field ŷ e
here k 0 =2 / =2f / c is the free-space wave number with f as the frequency and c as the free-space speed of light. In addition, = sin i is the incident field's normalized transverse wave number with i the incidence angle. Throughout this paper, an e jt time dependence is suppressed. Furthermore, it is assumed that h i Ͻ ͑ i −1͒ −1/2 /2, i =1,2 to guarantee that, for a given polarization and in the absence of holes, i.e., when s = 0, the structure supports at most one guided wave ͑GW͒ in each of the dielectric slabs. 37 The above excitation, upon interacting with the perforated plate, produces a scattered field that can be expressed as a sum of Floquet ͑diffraction͒ modes. It is assumed that 2s Ͻ L y Ӷ and L x Ͻ/ 2; these conditions guarantee that the scattered field comprises only one propagating Floquet mode and thus that the magnetic/electric field for sufficiently large z Ͼ d /2 + h 2 can be expressed as ŷ T͑f͒e
where T͑f͒ is the zeroth-order transmission coefficient. Other consequences of the above restrictions on L x and L y are elucidated below. It is noted, however, that all restrictions on L x and L y are introduced solely to render our discussions more transparent and that they can be removed without affecting the nature of the enhanced transmission phenomena studied.
III. MODEL OF TRANSMISSION COEFFICIENT T"f…
In the absence of holes the two grounded slabs in the structure of Fig. 1 
͑1͒
It can be shown that 1 Ͻ ͉ gw ͑i͒ ͑f͉͒ Ͻ max i ͕ i 1/2 ͖. When s 0, the structure supports source-free fields that can be represented as an infinite series of cross-coupled Floquet ͑diffrac-tion͒ modes via
here l x , l y are Floquet mode indices, a l x ,l y ͑z͒ are modal amplitudes, and f p,n ͑i͒ are ͑complex͒ characteristic frequencies.
Since ͉͉ Ͻ 1 and s , L y Ӷ, the characteristic frequencies approximately satisfy f p,n ͑i͒ Ϸ f r,n ͑i͒ , where the ͑real͒ resonant fre-
The source-free solutions associated with the lowest order frequencies f p,±1 ͑i͒ exhibit strong coupling between the Ϯ firstorder ͑l x = ±1,l y =0͒ and the zeroth-order ͑l x = l y =0͒ Floquet modes. Whereas the zeroth-order Floquet mode dominates the source-free field away from the perforated plate, the Ϯ first-order Floquet modes constitute perturbations of grounded slab GWs propagating along the positive ͑+1͒ and negative ͑−1͒ x directions and dominate the source-free field near the perforated plate. Note also that, due to the TE GW cutoff phenomenon, TE enhanced transmission only will occur when at least one slab has sufficiently large electrical thickness, that is when h i Ͼ ͑ i −1͒ −1/2 / 4, for i =1 and/or 2.
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The incident plane wave couples to the source-free fields ͑resonances͒ when f Ϸ f r,n ͑i͒ Ϸ Re͕f p,n ͑i͒ ͖ ͑note that a resonance can only be excited by an incident field with a frequency spectrum with nonvanishing support; therefore, here the term "coupling" refers to the fact that the scattered field is strongly affected by the presence of resonances͒. As a manifestation of this coupling the frequencies f p,n ͑i͒ appear as poles to T͑f͒. In other words, T͑f͒ can be expressed as
The first and second terms in ͑3͒ model T͑f͒'s resonant and nonresonant components. The resonant component is characterized by complex poles f p,n ͑i͒ , which describe the resonances occurring on the structure, and the corresponding residues Res͕T͑f p,n ͑i͒ ͖͒, which quantify the excitation of these resonances by the incident plane wave. The nonresonant component a͑f͒ is smooth and weaker than the resonant one for f near all Re͕f p,n ͑i͒ ͖.
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As a precursor to a study of ͉T͑f͉͒ for various structure parameters ͑presented in Secs. IV and V͒, the dispersion of the lowest-order poles f p,±1 ͑i͒ and their residues with respect to positive is studied. The poles were obtained using the modal approach detailed in Refs. 34 in practice almost always is satisfied. As a consequence, for f near Re͕f p,ñ ͑ĩ͒ ͖, the graph of ͉T͑f͉͒ vs f typically has an asymmetric profile with a maximum accompanied by a deep minimum. Note that such ͉T͑f͉͒ profiles often are observed when studying scattering coefficients of periodic gratings, including plates with subwavelength holes, and that they have been associated with resonant Wood anomalies in the past. 15, 26 To illustrate the validity of the above model, scattering from the structure detailed in Sec. III illuminated by plane waves with various angles of incidence, polarizations, and frequencies, was analyzed.
Figures 3͑a͒ and 3͑b͒ depict ͉T͑f͉͒ for incident plane waves with = 0.1 and = 0, respectively. Both the TM and TE polarizations are analyzed and the frequency range considered includes Re͕f p,n ͑i͒ ͖ for all poles considered in Fig. 2 . To elucidate the dependence of single resonance enhanced transmission phenomena on the plate thickness d, Fig. 5 tracks ͉T͑f͉͒ versus frequency for a TE polarized field with = 0.1 incident on a structure that is identical to that studied in Sec. III except for the plate thickness d, which is varied. It is observed that, although the largest enhanced transmission peak is obtained for d = 0, total transmission is never obtained. Furthermore, as d increases the transmission peak narrows, moves towards higher frequencies, and decreases exponentially in magnitude. This behavior is due to the fact that coupling between the bottom and top plate faces too reduces exponentially with plate thickness.
V. DOUBLE RESONANCE ENHANCED TRANSMISSION
Consider a slab configuration, angle of incidence, and polarization for which the resonant frequencies f r,ñ ͑1͒ and f r,ñ Ј To further dissect the above described double resonance enhanced transmission phenomenon, two cases are to be distinguished. Below, Sec. V A describes double resonance enhanced transmission phenomena occurring in symmetric structures, viz. structures with identical bottom and top slabs; these resonances only exist for ñ = ñЈ. Sec. V B describes double resonance enhanced transmission phenomena in asymmetric structures; these may occur both when ñ = ñЈ and ñ ñЈ.
A. Symmetric structures-Identical top and bottom slabs
Assume that in the structure of Fig. 1 . It follows that the fields in the structure/excitation configuration of Fig. 1 can be expressed as a sum of fields whose electric field components tangential to the z = 0 structural symmetry plane exhibit even and odd symmetry. 35, 37 Specifically, fields in the original structure/ field configuration in the z Ͼ 0 ͑upper͒ half-space are the superposition of responses of the two structures in Figs. 6͑b͒ and 6͑c͒, obtained from the structure in Fig. 1 ͑1͒ ͖͒ leading to a single transmission peak with reduced magnitude. As seen from the figure, the actual behavior of poles, zeros, and residues is in line with the above theoretical observations. Figure 8 depicts ͉T͑f͉͒ for the structure in Fig. 7 illuminated by a TE wave when f Ϸ Re͕f p,−1 ͑1,2͒ ͖ for different d. For d =0, a single transmission peak is found followed by a real zero. For thicker plates, peak double, that is, a very narrow additional peak appears; at the peak maxima ͉T͑f͉͒ = 1, i.e., total transmission is achieved. As the thickness increases the peaks approach each other and merge for sufficiently thick plates ͑d =5 mm͒. Transmission coefficients of even thicker plates exhibit to a single peak whose magnitude decreases exponentially with d. It is clear that the behavior of ͉T͑f͉͒ agrees well with theoretical observations made above and the evolution of the poles, zeros, and residues in Fig. 7 . Figure 9 shows V͑d / h͒ for the structure in Figs. 7 and 8 for d = 1.5 mm and f corresponding to the lower and higher maxima in Fig. 8 . It is seen that V͑z / h͒ indeed has essentially odd and even symmetry due to the excitation of odd and even resonances.
B. Asymmetric structures-Different top and bottom slabs
Assume that in the structure of Fig. 1 could be associated with strong coupling between Floquet modes with transverse wave vectors pointing in different directions in the x-y plane. However, when abiding to these restrictions, and focusing on the structure and frequency range considered in Sec. III, only two cases remain: ñ =−ñЈ = ±1 or ñ = ñЈ = ± 1. When ñ =−ñЈ = ± 1, the double resonance enhanced transmission is caused by strong coupling between the zeroth order Floquet mode and Floquet modes associated with GWs that travel along the plate in opposite directions through the top and bottom slabs; other Floquet modes also participate in these interactions but their influence is weaker. For example, for the structure giving rise to Fig. 2 Figure 11 shows the magnitude of the TM transmission coefficient for again the same structure aside from the thickness d. The behavior of ͉T͑f͉͒ is similar to that in Fig. 7 . For instance, double transmission peaks are obtained for moderately thick plates whereas only a single decreased peak is obtained for very thick plates. However, total transmission is not obtained, i.e., ͉T͑f͉͒ never reaches unity. In addition, the second ͑narrower͒ transmission peak does not disappear as d → 0. This is in agreement with the results in Fig. 10 . Note that ͉T͑f͉͒ is significantly increased compared to ͉T͑f͉͒ in Figs. 3 and 5 describing the behavior of the same configuration but in the single resonance regime. Figure 12 shows V͑d / h͒ in the structure of Fig. 11 for d = 1.5 mm and f corresponding to the two maxima in Fig. 11 . It is seen that V͑z / h͒ is large at both the top and bottom faces of the holes. This implies the existence of a combined resonance in both slabs.
Finally, double resonance enhanced transmission is demonstrated when ñ = ñЈ = −1. Figure 13 that are associated with the existence of guided waves in grounded dielectric slabs. Approximations of the resonant frequencies can be obtained by matching the wave number of one of the Floquet modes generated by the periodic hole array to that of a grounded slab GW. The suggested structure allows enhanced transmission in the optical and the microwave regimes, and this for both transverse magnetically and electrically polarized incident fields. The existence of two distinct enhanced transmission regimes was demonstrated. In the single resonance regime the incident plane wave couples to a resonance in a single ͑top or bottom͒ slab. The transmission coefficient versus frequency graph exhibits a high peak though no total transmission is achieved; moreover the peak narrows, the position of its maximum shifts, and its magnitude exponentially decreases as the plate's thickness increases. In the double resonance regime the incident plane wave couples to resonances in both slabs. Such coupling leads to transmission peak doubling and, for thick plates, to a significant increase in the maximum transmission allowed ͑compared to the single resonance regime͒. Changes in the nature of the enhanced transmission phenomenon when transitioning from infinitesimally thin to very thick perforated plates were studied. It was shown that for thin plates one peak significantly narrows compared to the other one and eventually disappears. For moderately thick plates two transmission peaks of equal size appear. For very thick plates the two peaks merge, resulting in one peak with reduced magnitude. Double resonances may appear for symmetric as well as for asymmetric structures. It was demonstrated that for symmetric lossless structures, total transmission with two peaks is guaranteed for moderately thick plates and any angle of incidence. The two peaks are associated with odd and even resonances. For asymmetric structures, special conditions on the period and slab parameters must be satisfied to ensure the existence of a double resonance.
Note that nothing prevents the transmission enhancement mechanism studied in this paper from occurring in concert with those associated with surface waves supported by perforated plates 21, 27, 36 and SPPs; [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] in fact, all enhanced transmission phenomena occurring on these structures are manifestations of the same physics, i.e., coupling between the incident plane wave and resonances supported by the perforated plates that are associated with slow waves. This implies significant flexibility in the design of periodic structures exhibiting enhanced transmission phenomena. Studies into the effect of losses in the perforated plate and dielectric slabs are ongoing. These losses are expected to be smaller than those resulting from SPP-based enhanced transmission mechanisms since in the former the GWs are distributed in the entire volume of the dielectric and are not confined to a metal surface. Slab and plate losses, however, may lead to a quantitative decrease in magnitude and qualitative change in the shape/͑dis͒appearance of the enhanced transmission peaks. The structures and phenomena explored in this paper may find uses in near-field imaging, target identification, and the construction of antennas, tunable filters, mode converters, and amplifiers.
